Liang Bua, a karstic cave located on the island of Flores in eastern Indonesia, is best known for yielding the holotype of the diminutive hominin Homo floresiensis from Late Pleistocene sediments. Modern human remains have also been recovered from the Holocene deposits, and abundant archaeological and faunal remains occur throughout the sequence. The cave, the catchment in which it is located and the gross aggradational phases of the sediment sequence have all been subject to a great deal of scientific scrutiny since the discovery of the holotype of H. floresiensis in 2003. A recent program of geoarchaeological research has extended analyses of the site's deposits to the microstratigraphic (micromorphological) level. The stratigraphic sequence in the cave is well defined but complex, comprising interstratified sediments of diverse lithologies and polygenetic origins, including volcanic tephras, fine-grained colluvium, coarse autogenic limestone gravels, speleothems and anthropogenic sediments, such as combustion features. The sedimentological and chemical heterogeneity suggest that processes of site formation and diagenesis varied markedly through time, both laterally and vertically. We present initial results from samples collected in 2014 from an excavation area near the rear of the cave, which yielded radiocarbon ages from charcoal that fill an important temporal gap in the chronostratigraphic sequence of previously excavated areas of the site. The results indicate marked changes in site environment and hominin activity during the Late Pleistocene, relating primarily to the degree to which the cave was connected to the hydrogeological system and to the varying intensities of use of the cave by hominins. Importantly, we identify anthropogenic signs of fire-use at the site between 41 and 24 thousand years ago, most likely related to the presence of modern humans. 
and degradation of the site is essential to draw meaningful inferences about the rich 25 assemblages of stone artefacts and hominin and other faunal remains recovered 26 from the deposits. This need has become even more apparent following the recently 27 revised interpretation of the stratigraphy and chronology of the Liang Bua deposits 28 and the H. floresiensis remains found within them (Sutikna et al., 2016 To develop high-resolution models of depositional and post-depositional change at 45 Liang Bua, a program of multi-scalar geoarchaeological research was initiated in 46 2014, focussing initially on Sector XXIV because of its potential to provide new 1 information regarding the history of the site during this previously undocumented 2 period. We targeted the western wall of this sector to improve our understanding of 3 the formation and preservation of sediments located in the rear of the cave, and 4 their association with those recorded at the southern edge of the front chamber. The 5 wider goals of this geoarchaeological research are to analyse the site and 6 stratigraphy at varying scales, from the macro to the micro, using a suite of field and 7 analytical techniques, including landscape geomorphological survey, sedimentology, 8 micromorphology, and vibrational spectroscopy (i.e., Fourier-transform infrared 9
[FTIR] and Raman spectroscopy). Here we report initial results from the micro-scale 10 component of the study. Our specific aims were to investigate and clarify the 11 environmental conditions during deposition of each lithological layer, identify the 12 diagenetic processes that have occurred (e.g., any modification of the sediments or 13 the material contained within them) and to explore possible signals of hominin 14 behaviour preserved within the deposits potentially spanning the chronological gap 15 from ~46 to 20 ka ago. Together, these data provide critical and much needed 16 context for interpreting the environmental history of the site and its rich 17 archaeological and palaeontological record. 18
Methods

19
Backfill was removed from the previously excavated 1 m by 2 m portion of Sector 20 XXIV. Detailed macro-and micro-stratigraphic descriptions of the ~4 m depth of 21 deposits exposed along the western wall of the Sector were undertaken in the field, 22 and ten lithological units were identified (referred to here as Units 1-10). Six 23 samples for micromorphological analysis (MM4-MM9) were collected to 24 characterise the major stratigraphic units and microfacies (Figure 4 , Tables 1 and  25 2); samples MM1-MM3 were collected from Sector XII to target specific tephra 26 layers that do not occur in Sector XXIV and were not included in this study. 27 28
Micromorphology samples were collected as oriented blocks using plaster bandages 29 to retain their integrity. Once extracted, these samples were shipped to the 30 University of Wollongong (Geoarchaeology Laboratory in the Centre for 31
Archaeological Science), where they were partially unwrapped and oven-dried at 32 40°C for five days or until dry. Each block was impregnated with crystic resin 33 (Dalchem) diluted with styrene at a ratio of 9:4 and catalysed with methyl ethyl 34 ketone peroxide (MEKP) to yield 12.5 ml per litre of resin/styrene mixture. After 35 curing for seven days, the samples were returned overnight to the drying oven at 36 50°C. They were then trimmed with a circular saw fitted with a diamond encrusted 37 masonry saw blade into 50 mm by 75 mm 'wafers' that were sent to Spectrum 38 Petrographics (Vancouver, WA, USA) for manufacture of the final thin sections. 39 40 Thin sections were observed with stereo and petrographic microscopes at 41 magnifications ranging from 8x to 200x under plane-polarised light (PPL) and cross-42 polarised light (XPL). In addition, thin sections were scanned on a flatbed scanner at 43 1 Aldeias, submitted); the latter produces an image similar to dark field illumination 2 and highlights highly reflective areas, such as those rich in carbonate and iron. Thin 3 section terminology follows that of Stoops (2003) . 4 5 A total of nine charcoal samples from Sector XXIV and the immediately adjacent 6
Sector XXVII were sent to DirectAMS (Seattle, WA, USA) for 14 C dating, where they 7
were pretreated using acid-base-acid procedures (Table 3 ). The 14 C content was 8 then measured using accelerator mass spectrometry and the conventional 14 C ages 9
were converted to calendar-year age ranges at the 68% and 95% confidence 10 intervals using the SHCal13 southern hemisphere calibration data set (Hogg et al. 11 2013) and CALIB 7.1 (Stuiver et al., 2016 ; http://calib.qub.ac.uk/calib/). 12 13 FTIR spectra were recorded in the mid-infrared region (600-4000 cm -1 ) using a 14
Lumos infrared microscope from Bruker. The spectra were measured directly on the 15 thin sections MM4B and MM6B. All spectra were recorded in absorbance mode 16 using an attenuated total reflectance (ATR) objective fitted with a germanium ATR 17 crystal. The spectral resolution was 4 cm -1 and 64 individual scans were combined 18 to obtain each spectrum. In cases where the FTIR spectrum of the resin also 19 appeared in the spectra, a spectrum recorded on a piece of the same resin was 20 subtracted using the interactive subtraction option in the OPUS software from 21
Bruker. 22 23 A WITec 3000 Alpha spectrometer was used to obtain the Raman spectra. A 532 nm 24 solid state laser (WITec Focus Innovation) was used as the excitation source and a 25 long distance 50x Zeiss objective focussed the laser on the samples, resulting in a 26 spot size of ~2 µm 2 . The number of acquisitions and acquisition time depended on 27 the crystallinity of the material, but typically 10 acquisitions, each of 6 s duration, 28
were made at a spectral resolution of 2 cm -1 . 29 30 Table 3 and Figure 4 . The 95% confidence interval age range of the studied 7 sequence is between ~41.5 and 24.4 ka cal. BP, confirming that this rear area of the 8 cave preserves deposits that are missing only a few metres further to the north in all 9 previously excavated areas of the cave. One of the nine samples (D-AMS-007553) 10 returned a stratigraphically inconsistent age (26.9-26.1 ka cal. BP at the 95% 11 confidence interval) for Unit 5. Given the relatively large interstitial void spaces 12 between gravel clasts in this layer, it is possible that this anomalously young age 13 (relative to two other ages from Unit 5 that accord with the ages from Units 6-8) 14
-----------------------------Age-------------------------------
relates to charcoal that has infiltrated from higher up in the sequence. which pinches out to the south towards the rear of the cave, represents the 28 southernmost extent of T3 (~50-47 ka) at Liang Bua. A large planar void separates 29 the tephra from the underlying decalcified sediment (Figure 7a ), which exhibits 30 weakly developed fissures aligned perpendicular to the tephra. Internally, the 31 tephra exhibits a uniform fining-up texture (Figure 7c,d) . Above the primary tephra 1 band there is evidence for secondary tephra deposition in the form of a thin 2 laminated band, possibly relating to the reworking of the primary tephra by 3 sheetwash. Such laminations are absent in the primary tephra band, precluding 4 deposition by water of this volcanic ash. In the uppermost 1-2 cm of MM7 ( Figure  5 7a), the sediments become looser and more porous, with local occurrences of grain 6 aggregates (~3 mm in diameter). 7 8 9 10 (500 µm to 10 mm in maximum dimension; Figure 8f ) originating from the cave 29 walls and roof. We observe a significant decrease in fines (clays and fine silts) and a 30 marked increase in anthropogenic and biogenic components (e.g., charcoal, bone, 31 owl pellet; Figure 8c ). Most of these inclusions are fractured and broken; for 32 example, no intact features can be seen at the top of thin section MM6A. 33 34
Thin sections MM5A and MM5B (Unit 7; Figures 4 and 9) 35
Unit 7 is ~34.5-31.1 ka cal. BP in age, based on the dated charcoal samples (Table  36 3). The coarse components of this lithological facies are similar to those in the 37 underlying Unit 6, containing frequent, large and angular autogenic limestone and 38 speleothem fragments, as well as mechanically fractured clay intraclasts/fragments 39 (Figure 9a-c) . Fine charcoal fragments and ash are also scattered throughout the 40 matrix (Figure 9d ,e). Two thin sections were made from sample MM5, the upper half 41 of Unit 7 represented by MM5A (Figure 9a ) and the lower half by MM5B (not 42 shown). 43 44
The upper part of sample MM5 is noteworthy for its granular porosity and 45 abundance of loosely aggregated, angular clay clasts (Figure 9a ). The matrix in the 46 lower part of MM5A is calcareous, consisting of calcite-cemented, sand-sized 1 limestone particles and micritic ash (Figure 9d,e) . By contrast, the upper part of 2 MM5A contains only isolated patches of micritic groundmass, which appear to be 3 partially dissolved. Similarly, we noted the presence of etched limestone with 4 increased porosity, and dissolved ash and decalcified bone fragments. These 5 features show two cycles of diagenesis: an initial phase represented by calcite 6 cementation of the ashes and limestone sand, followed by a phase of patchy calcite 7 dissolution. Furthermore, these observations suggest that decalcification probably 8 took place from the top down, which is consistent with phosphatisation of the 9 overlying deposit (thin section MM4B, described below). Some of the calcite within 10 the matrix is derived from loose, unbedded aggregates of ash, which point to 11 reworking of former combustion features. Bioturbation increases in the upper part 12 of MM5A (Figure 9a) , as does porosity, and is specifically exemplified by a large 13 elliptical void (~35 mm across) in the middle of sample MM5A; the void is partially 14 infilled with silt and clay containing inclusions of limestone and clay clasts. Table 3 ). Two thin sections were made from sample MM4, which 3 spans Units 8 (MM4B; Figure 10a ,b) and 9 (MM4A; not shown). These reveal a 4 distinct change in depositional environment, with a switch to wetter environmental 5 conditions indicated by repeated calcite precipitation and dissolution cycles ( Figure  6 10a-d). Thin section MM4B captures the transition from lithological Units 8 to 9, 7 while MM4A corresponds exclusively to Unit 9. In general, these sediments are 8 richer in clay than those in Unit 7, and the overall aggregate size is much smaller 9 than in the underlying units. The results of the micromorphological analyses allow for a refined reconstruction of 37 the depositional and diagenetic history of Liang Bua between ~190 and 20 ka ago 38 ( Figure 11 ). iron-stained, channel sands (small bars, medium-energy environment) and ripple 4 bedforms on which clay and silt drapes were deposited in a very low-energy 5 environment (Figure 5a ). As the river migrated away from the site, downcutting into 6 its floodplain, the upper part of this alluvium was truncated, creating a steep-angled 7 surface susceptible to small-scale slumping, and on to which successive sediments 8 were deposited (Figure 2d ). 9
Unit 2, thin sections MM9 and MM8: colluviation and flowstone formation 10 (~190-120 to 50 ka) 11 12
Following the retreat of the river from the cave, slopewash colluviation was initiated 13 under humid conditions. The water that mobilised these sediments entered the cave 14 via fissures at the rear, consistent with previous observations (Westaway et al., 15 2009b ). This accords with our observations of downslope movement of poorly 16 sorted sediments containing high frequencies of rounded clay and silt aggregates, 17 including reworked material scoured from Unit 1 beneath. The high frequency of 18 void spaces and the overall porous character of these sediments suggest intensive 19 bioturbation (probably by burrowing insects) in the damp environment at the rear 20 of the cave. As only a small amount of charcoal is present and it has been reworked, 21
we cannot ascertain whether it has a natural or anthropogenic origin. 22 23 A gradual switch in the hydrology of the cave is marked by the increasingly frequent 24 calcitic micro-laminae recorded in the sediment directly beneath the well-developed 25 flowstone that immediately overlies Unit 2. These calcitic micro-laminae features 26
show signs of biological structures, suggesting they were probably formed partly 27 through the presence of algae and/or mosses. Hydrologically, these incipient 28 flowstones record the early stages of persistent ingress of CaCO3-charged spring 29 flow, precipitating calcite into the upper surface of the fine-grained sediment and/or 30 within patches of vegetation growing at the rear of the cave. This reorganisation of 31 the cave hydrology may reflect changes in the monsoonal cycle and concomitant 32 fluctuations in precipitation (Westaway et al., 2007b (Westaway et al., , 2009a . 33
Unit 3, thin section MM7: colluviation and volcanic activity (~50-47 ka) 34 35 Above the flowstone that caps Unit 2, we detect a return to colluvial sedimentation. 36
Poorly sorted sediments again indicate downslope colluviation of both fine clays 37 (travelling partially in suspension) and coarser clay aggregates, which have been 38 reworked from older deposits further to the rear of the cave, many of which are in 39 the process of disaggregating (slaking). The aggregates are more densely packed in 40 the lower half of the thin section than in the upper half, above a layer of volcanic ash, 41 which is the distal expression of tephra T3. This tephra is thickest (~75 cm) from 42 the cave centre to the eastern wall, where it fills a basin-like depression in the relict 43 cave floor topography (Sutikna et al., 2016 Colluvial slopewash (Unit 9; also Unit 10 that was not sampled for this study) 11 signifies a strengthening of humid conditions, with an increase in clay and clay intra-12
clasts. Many of the grain aggregates are angular in shape and appear to have a 13 variety of compositions, characteristic of reworking of weathered material that had 14 accumulated in the fissures and across the rear of the cave during the preceding dry 15 period; these deposits would have been mobilised when reconnected with the karst 16 hydrogeological system. It is clear from the sedimentary record and the slope of the 17 bounding surfaces that fluctuations in water ingress through fissures in the bedrock 18 at the rear of the cave were instrumental in changes in the depositional 19 environment at Liang Bua. 20
Key processes and other factors governing sediment deposition and 21 diagenesis at Liang Bua 22
The results of this study refine our understanding of the processes, mechanisms and 23 other factors influencing sediment deposition and diagenesis at Liang Bua, building 24 on those identified previously (Westaway et al., 2009b) . We discuss each of these, in 25 turn, below. 26
This is the dominant mode of sedimentation observed in the rear of Liang Bua. As 29 originally recognised by Westaway et al. (2009b) , colluviation at this site is 30 associated with slopewash processes that are driven by the hydrological dynamics 31 of the karst system. Our micro-scale study has revealed high frequencies of clay and 32 fine-silt aggregates that were reworked by the erosive action of surface water flow. 33
These clay aggregates are clearly derived from different sources, and a range of 34 processes are likely to be responsible for their transportation, including slopewash, 35 gravity and occasional small-scale mudflow events. Where we observe different 36 types of aggregates in thin section, future research will aim to isolate the relative 37 contributions of different source materials. We note that other materials can also 38 contribute to the composition of the colluvium, including weathered limestone and 39 speleothem fragments, occasional tephra shards and anthropogenic inclusions such 40 as charcoal, burnt bone fragments and stone artefacts. 41 42
It should be borne in mind that, for colluviation to occur, there has to be relief 1 within the cave system and this relief was most likely initiated by a phase of incision 2 by the Wae Racang followed by slumping and subsidence of the newly exposed and 3 truncated deposits. Periods of stabilisation, perhaps marked by flowstone 4 formation, could indicate intervals when relief was reduced due to the infilling of the 5 front chamber depo-centre, possibly linked to reorganisation of the fluvial system or 6 internal karst hydrology, or due to blocking of the entrance by landslides and/or 7 roof collapse near the cave entrance. 8 9
Alternation between colluviation and flowstone precipitation has been recognised at 10 other tropical cave sites in Southeast Asia and Australasia. At the site of Selminum 11
Tem in western New Guinea, Gillieson (1986) recorded a recurring sequence of 12 deposits, initially with a mass movement, followed by slopewash sedimentation and, 13 finally, by flowstone formation. Postulating the driver of this sequence, he asked if 14 "this sequence reflects events in small catchments feeding the phreatic passage, then 15 hillslope erosion is largely accomplished by periodic phases of instability, resulting 16 in pulses of sediment moving out of the catchment" (1986: 542). This explanation 17 may explain the depositional sequence observed thus far at Liang Bua (or at least in 18 part). Given the variety in fabric of small clayey clasts recorded in the colluvium, 19 pulses of sediment slumping and washing through the fissures and chambers at the 20 rear of the site may have occurred during periods of instability. In this scenario, 21
capping flowstones form when stability is achieved and sediment availability is 22 reduced, which could be linked to decreased monsoon frequency and/or intensity, a 23 reduction in sediment accommodation space at the site, or some combination of 24 these factors. 25 26 27 Speleothems are a common occurrence among the deposits at Liang Bua. These 28 include dense clusters of stalactites precipitated over much of the ceiling of the cave, 29 buried tabular flowstones that conform to the buried cave floor topography, and 30 large, localised stalagmitic masses growing on the cave floor. The configuration and 31 alignment of stalactites on the ceiling of the cave has been discussed previously 32 (Westaway et al., 2009a) . Positive phototropism is cited as the mechanism 33 responsible for the growing angle of the stalactites formed near the entrance since 34 the site was first exposed to sunlight. Whether uranium-series ages can be obtained 35 from these speleothems to further constrain the timing of the opening of the cave to 36 the sub-aerial environment requires further investigation. 37 38
Speleothem formation
The formation of tabular flowstones on top of Units 2, 3, 4 and 8 may be driven by a 39 number of processes, including an increase in CaCO3-charged flowing water, a 40 reduction in porosity of the surface and sub-surface sediments, or a change in the 41 topography of the cave floor. Gillieson (1986) Unit 9) has resulted in the formation of 'ghosts' of these clasts (Figure 10g) . appears to have acted as a low-lying sediment depo-centre-a local 'sink' for 22 sediments delivered from the rear, and most likely also from the front, of the cave. 23 This scenario suggests that if the cave originally formed as a collapsed doline, then 24 the rim of this chamber is likely to be preserved beneath the front aperture. 25 26
At least one major cut-and-fill event has been recorded in the cave that has had 27 profound implications for the preservation of archaeological sediments (Sutikna et 28 al., 2016) . This pattern of repeated accumulation and erosion, often followed by 29 slumping and mass movements, is a common theme observed in many parts of the 30 stratigraphic sequence, which is similar to that recorded in New Guinea by Gillieson 31 (1986) . Work is ongoing to identify the geomorphic processes that drive these cut-32
and-fill events, and to ultimately link the sequence recorded inside the site to the 33 river valley outside. These are likely to include fluctuations in water throughput or 34 flow concentration from the rear of the cave to the front, linked to a reorganisation 35 of the karst hydrological system; a change in the topographic template of the site, 36 over which subsequent sediments are deposited; and/or a switch in the mode of 37 sediment deposition (e.g., from clastic to precipitate The environmental reconstruction for Liang Bua presented here is insufficiently 38 finely-resolved to correlate with extant, high-resolution palaeoenvironmental 39 datasets for Sunda and Wallacea, although we have endeavoured to situate our 40 findings within a regional biogeographic and palaeoclimatic framework. A larger 41 data set is required to explore in more detail the relationship between on-site 42 environmental change and precipitation-driven reorganisation of the karst 43 hydrology-this will be the focus of further study. 44
Conclusions
1
The results of this micromorphological study are derived from a single area of Liang 2
Bua (a 1 m-wide by ~4 m-deep profile near the rear of the site), which represents 3 only a small fraction of the voluminous deposits preserved in the cave. Despite this 4 modest window into the evolution of the site, the results substantiate and refine 5 previous work, extending our knowledge of the depositional and post-depositional 6 history of the cave and of hominin activities taking place at the site. 7 8
Field observations suggest that colluviated sediments are derived primarily from 9 the rear of the cave, and the micromorphological results show that these sediments 10 were deposited during oscillations between drier and wetter conditions. Variations 11 in flowstone morphologies are consistent with a variety of depositional processes, 12 and these inferences are supported by observations of the thin sections, where thin 13 laminae of biological derivation are clearly visible. 
